Abstract: This paper investigates the possibility of using ammonium nitrate(V)-based solid propellants for fracturing wells in borehole mining. Various modified propellant compositions with ammonium nitrate(V) and polyurethanes were prepared. Using laboratory rocket motors (LRMs) and underwater tests in pressure chambers, the energetic parameters (i.e., maximum pressure of the gaseous products and pressure impulse) for the selected AN-propellants were determined. Furthermore, thermodynamic analyses for these propellants were performed. The influence of the proposed additives on the energetic parameters (i.e., calorific value and specific energy) was shown. The gas volume generated per unit volume of propellant, which is an important parameter in the process of hydraulic fracturing, was estimated.
Introduction
Ammonium nitrate(V) (AN) is one of the main components of many explosives, including Ammonals, Ammonites, Dynamites and ANFO. The interest in ammonium nitrate and the possibilities of its application in explosives are dictated primarily by its low price, low sensitivity to mechanical factors, i.e., friction and impact, high durability, and simple production technology. Ammonium nitrate(V) (difficult ignition, hygroscopicity) it is necessary to modify and improve the properties of ammonium nitrate in formulations. The most common and effective additive for AN-based propellants is magnesium. There are several references [3, [17] [18] [19] [20] [21] that discuss a number of experimental propellant formulations that use magnesium because of its high burn temperature. The combustion of magnesium is highly exothermic, and provides the thermal energy to flash the released water as steam, which then reacts with the metal in a self-sustaining manner. References also describe attempts to use powdered aluminum, but the studied propellant formulations failed to ignite. The difficulty with combusting particles of aluminum is due to the tough shell of aluminum oxide that encases the readily oxidizing metal. In spite of the high cost of magnesium powder, many authors have attempted to use it in formulations of AN-based propellants because of their environmental safety.
In the manufacture of propellants, polymers play an important role, as they act as binders and fuel. There are AN-based propellants described that contain polyurethanes (PU) [22] . Other important factors for the formation of propellant grains are burning rate modifiers and plasticizers [23] .
For many years, the Institute of Industrial Organic Chemistry has been working on a wide range of modifications to, technologies for, and ballistic properties and applications of solid rocket propellants [24] [25] [26] [27] . The application of AN-propellants for borehole mining does not require a perfected form of the produced propellants (as is the case for rocket systems), but the correct parameters, usually lower burning rate and reliability of ignition at high temperatures and pressures, are of importance. For this purpose a convenient form of propellant, with suitable elements, for the down-hole apparatus used in fracturing, is needed.
Experimental

Materials and preparation
Ammonium nitrate(V) (PULAN ® , produced by Grupa Azoty, Zakłady Azotowe "Puławy" S.A.) was used as a principal component. AN was milled, and the sieve analysis showed the following grain size composition (Table 1) . ) were used as additives. All of the components were dried, then the oxidizer was mixed with the catalyst, metal powder and plasticizer until a homogenous mass was obtained, with no visible lumps or discolouration coming from the ingredients. In a suitable vessel, a mix of two polyurethane components was prepared in a homogeneous form. Then, the polyurethane was mixed with the remaining components to an ideal supersaturation mixture. The mixture so prepared was granulated, dried and in the final step compressed to the appropriate form using a hydraulic press that applied 94 MPa pressure. The molded parts were allowed to cross-link at a temperature of 45 °C for 20 h. Samples in a cylindrical form, with masses of about 30 g and diameters of 23 mm or 32 mm were obtained. The densities of the propellant samples were determined by a geometric method, by measuring their mass and deriving the volume from their dimensions (diameter and height). The average densities obtained were slightly lower than the theoretical values as calculated by the ICT Thermodynamic Code, Version 1.0. The contents of the formulations are summarized in Table 2 . 
Measuring arrangements
To determine the energetic parameters for the prepared AN-based propellants, two research methods were proposed. As the first method, in which the maximum pressure of the gaseous products and pressure impulse were determined, a laboratory rocket motor was used (Figure 1 and 2 ). This method has been described in more detail elsewhere [19, [28] [29] [30] [31] [32] . The volume of the chamber was 75 cm 3 . In these experiments, a steel nozzle with a diameter of about 1.6 mm was used. The sample being examined (23 mm diameter) was placed in a vertically-located motor casing. The head igniter conductors were threaded through the nozzle, and then the motor head was tightened.
The second experimental method was concerned with the study of the initiation step of the samples and the process of their combustion, in aqueous environmental conditions that usually occur in boreholes. AN samples with 32 mm diameter were tested in a pressure chamber with internal volume about 1160 cm 3 . The samples were protected in a heat-shrinkable shield ( Figure 3 ). In addition, the time and burning rate were estimated. a b Figure 3 . a) View of test stand; b) Placing the sample into the pressure chamber 
Results and Discussion
Thermodynamic calculations
For a preliminary assessment of the energetic parameters of the proposed AN-based propellants (Table 2) 
Research in laboratory rocket motors (LRMs)
The results of the combustion processes of the investigated propellants in the LRM are shown in the plots of pressure changes recorded on the oscilloscope during the tests (Figure 8 ). Based on the results obtained in the LRM, the optimal formulations of AN-based propellants in terms of energy parameters were formulations with 60% or 70% AN, with polyurethane rubber (10-15%) and modified by the addition of magnesium powder (15-20%). These achieved higher values of the maximum pressure and
Underwater tests in pressure chambers
The aim of these studies was to show the loading density's impact on the propellants' parameters (pressure of the gaseous products, time and burning rate). The p(t) curves obtained for the AN-based propellants studied are shown in Figure 14 . In addition, the effects of the loading density on the pressure in the chamber, burning time and burning rate were calculated (Figures 15-17) . The highest maximum pressures and pressure in the chamber were observed for higher values of the loading densities. For example, for a loading density of 0.3 g/cm 3 , the pressure of gaseous products generated in the combustion process was about 38 MPa and the pressure in the chamber was about 24 MPa, as shown in Figures 14 and 15 . In the thermodynamic calculations, the theoretical value of pressure in the chamber was higher, about 40 MPa (Figure 7 ). This is probably because of the higher theoretical density of the AN/Mg/PU 70/15/10 propellant (Table 1) . Moreover, the shortest burning time (about 2 s; Figure 16 ) and burning rate at the highest level ( Figure 17) were obtained for the highest loading density.
Conclusions
This work investigated the possibility of using ammonium nitrate(V)-based solid propellants for fracturing wells in borehole mining. Because of the advantages of ammonium nitrate(V) described, different formulations of AN-based propellants were prepared.
Initially, studies in a LRM were performed that allowed preliminary estimation of selected parameters of the propellant formulations. Based on these studies, plots of pressure changes during combustion with the maximum pressure of gaseous products were specified. In turn, tests in a pressure chamber enabled more accurate assessments of the energetic parameters (constant pressure in the chamber, time and burning rate). These studies have shown that by changing the loading density, desirable pressure values could be optimized. It is possible to estimate the appropriate pressure values of gaseous products to allow rock fracturing to be performed. The chosen formulation was characterized by
